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Abstract This study was conducted to investigate the effect of dietary proline (Pro), and Pro and hydroxyproline (Hyp) in combi-
nation on the growth performance, total Hyp and collagen concentrations of tissues, and prolyl 4-hydroxylase a(I) (P4H o(I)) gene
expression in juvenile turbot feeding high plant protein diets. A diet containing 50% crude protein and 12% crude lipid was formu-
lated as the basal and control, on which other two protein and lipid contents identical experimental diets were formulated by supple-
menting the basal with either 0.75% Pro (Pro-0.75) or 0.75% Pro and 0.75% Hyp (Pro+Hyp). Four groups of fish in indoor seawater
recirculating systems, 35 individuals each, were fed twice a day to apparent satiation for 10 weeks. The results showed that dietary
Pro and Hyp supplementation had no significant effect on growth performance and feed utilization of juvenile turbot (P> 0.05). Total
Hyp and collagen concentrations in muscle were significantly increased when dietary Pro and Hyp increased (P <0.05), and fish fed
diet Pro+Hyp showed significantly higher free Hyp content in plasma than those fed other diets (P <0.05). The expression of P4H o(I)
gene in liver and muscle was significantly up regulated in fish fed diet Pro-0.75 in comparison with control (P <0.05); however the
gene was significantly down regulated in fish fed diet Pro+Hyp in muscle in comparison with fish fed diet Pro-0.75 (P <0.05). It can
be concluded that supplement of crystal L-Pro and L-Hyp to high plant protein diets did not show positive effects on growth per-
formance of juvenile turbot, but enhanced total collagen concentrations in muscle.
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While most mammals can synthesize Pro from arginine
and glutamine/glutamate, the rate of endogenous synthe-
sis is not adequate for neonates, birds and fish (Li ef al.,
2009; Wu et al., 2010). To date, several studies have
demonstrated that Pro is essential for poultry (Graber et al.,

1 Introduction

Proline (Pro) and hydroxyproline (Hyp) are unique
amino acids both chemically and biochemically (Hu et al.,

2008; Kaul ef al., 2008). Continuously increasing evi-
dences prove that Pro is a key regulator of multiple bio-
chemical and physiological processes in cells (Wu et al.,
2011). For example, Pro is a major nitrogenous substrate
for the synthesis of polyamines (Wu et al., 2000; Wu et al.,
2005). Pro and its metabolite pyrroline-5-carboxylate
(P5C) are now known to regulate gene expression and
cellular signaling pathways that are crucial for health and
disease (Hu et al., 2008). Pro can scavenge free radicals
(Kaul et al., 2008) by participating redox reactions in
humans and animals (Phang et a/., 2008, 2010). Pro may
play a role in regulating the mammalian target of rapamy-
cin (mTOR) activation pathway (van Meijl et al., 2010).
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1970; Baker, 2009), young mammals (Ball et al., 1986)
and wounded mammals (Barbul, 2008). Therefore, Pro
could be considered as a conditionally essential amino
acid for mammalian, avian and aquatic species (Baker,
2009; Wu et al., 2010). Accordingly, it is valuable to in-
vestigate the effect of dietary Pro on the growth perform-
ance of fish.

Hyp is a post-translational metabolite of Pro in protein
(primarily collagen) by vitamin C-dependent prolyl hy-
droxylase (Stanley, 1983) and free Hyp is generated from
the degradation of collagens or other proteins containing
hydroxylprolyl (Phang et al., 2008, 2010). Hyp is consid-
ered as a conditionally essential amino acid (Li et al.,
2009), and its content in fish meal is much higher than
that in plant protein sources (Li et al., 2011). Aksnes et al.
(2008) found that dietary supplementation with crystal-
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line Hyp to a plant protein-based diet enhances weight
gain of salmon. Therefore, the possible impact of Hyp on
growth performance has to be taken into account in for-
mulating diets, especially high plant protein diets (Aksnes
et al., 2006a, b; Kousoulaki et al., 2009). However, in our
previous study, no significant difference was found in the
growth performance of turbot fed high plant protein diets
with graded contents of Hyp (Zhang et al., 2013). To date,
it is not clear whether dietary Pro and Hyp has synergistic
effect on the growth performance of fish fed high plant
protein diets.

Pro and Hyp are major amino acids in collagen and
they are vital for collagen biosynthesis, structure and
strength (Barbul, 2008). Pro is an essential substrate for
collagen synthesis (Gorres and Raines, 2010). Although
Hyp can not be used as a substrate for the synthesis of
collagen directly, it is essential for the folding of the
newly synthesized procollagen polypeptide chains into
stable triple-helical molecules (Myllyharju and Kivirikko,
2001). Prolyl 4-hydroxylase (P4H, EC 1.14.11.2) is the
key modifying enzyme catalyzing the formation of 4-Hyp
from Pro residues presenting in newly synthesized poly-
peptide chains of collagens (Kivirikko et al., 1990). P4H
a(I) subunit contributes a major part to the catalytic site
and are limiting in the formation of active P4Hs (An-
nunen et al., 1998). In our previous study, we found that
total collagen concentration in muscle is significantly
increased, while P4AH a(I) gene expression in muscle is
significantly decreased in turbot fed diets with increased
Hyp (Zhang et al., 2013). It is unknown whether dietary
Pro and Hyp have synergistic effect on the collagen con-
centration and P4H o(I) gene expression in fish fed high
plant protein diets.

Turbot (Scophthalmus maximus L.) is an important
commercial carnivorous fish species that has been widely
farmed in Europe and East Asia because of its delicious
meat and fast growth. Turbot has high dietary protein
requirement (Lee et al., 2003; Cho et al., 2005) and fish
meal is the main protein source in practical diets for tur-
bot (Bonaldo et al., 2011). The main purpose of the pre-
sent study was to investigate the effect of dietary Pro and
the combination of Pro and Hyp on the growth perform-
ance, Hyp and collagen concentrations and P4H o(I) gene
expression in juvenile turbot fed high plant protein diets.

2 Materials and Methods

2.1 Experimental Diets

L-Pro (content>99%) and L-Hyp (content>99%) were
obtained from Hengyuan Biotech. Co., Ltd (Shanghai,
China). White fish meal (WFM), soybean meal (SBM),
and wheat gluten meal (WGM) were used as the major
protein sources, fish oil as the major lipid source and
wheat flour as the carbohydrate source. Lysine-H,SO,,
DL-Methionine, L-Threonine, L-Arginine, L-Isoleucine,
L-Leucine, and L-Valine (crystalline amino acids) were
supplemented to meet the essential amino acids require-
ments of juvenile turbot based on the whole body amino
acid profile (Kaushik, 1998). The basal diet with 50%
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crude protein and 12% crude lipid was the same as that
we formulated in our previous study (Zhang et al., 2013).
The other two protein and lipid contents identical ex-
perimental diets were formulated by supplementing the
basal diet with either 0.75% Pro or 0.75% Pro and 0.75%
Hyp, which were named as Pro-0.75 and Pro+Hyp, re-
spectively. The content of L-Alanine was adjusted in or-
der to maintain an equal nitrogen concentration in all di-
ets (Table 1). The final content of dietary Pro was 3.22%,
3.88% and 3.82%, respectively, while the final content of
Hyp was 0.12%, 0.22%, and 0.67%, respectively. The
amino acid composition of the experiment diets was
shown in Table 2.

Table 1 Formulation and proximate composition of the
experimental diets (% dry matter)

Control  Pro-0.75  Hyp+Pro
White fish meal’ 15 15 15
Soybean meal’ 40 40 40
Wheat gluten meal’ 14 14 14
Wheat flour 10.07 10.07 10.07
Fish oil 8 8 8
Soybean lecithin 2 2 2
Choline (99%) 0.13 0.13 0.13
Ca(H2PO3)2 2 2 2
Vitamin premix 2 2 2
Mineral premix 1 1 1
Attractants 0.5 0.5 0.5
Amino acid premix 3.8 3.8 3.8
L-proline 0 0.75 0.75
L-hydroxyproline 0 0 0.75
Alanine 1.5 0.75 0
Proximate analysis (%, on a dry weight basis)
Crude protein 50.36 50.00 50.06
Crude lipid 11.16 11.28 11.07
Ash 9.14 9.02 9.02

Notes: " Supplied by Qihao Biotech. Co., Ltd. (Shandong, China);
white fish meal, crude protein, 73.78%, crude lipid, 9.20%; soy-
bean meal, crude protein, 50.34%, crude lipid 0.98%; wheat glu-
ten meal, crude protein, 81.42%, crude lipid 2.00%. Vitamin
premix (mgkg " diet): retinyl acetate, 32; vitamin D3, 5; DL-o-
tocopherol acetate, 240; vitamin Kj, 10; thiamin, 25; riboflavin
(80%), 45; pyridoxine hydrochloride, 20; vitamin Bj; (1%), 10;
L-ascorbyl-2-monophosphate-Na (35%), 4000; calcium panto-
thenate, 60; nicotinic acid, 200; inositol, 800; biotin (2%), 60;
folic acid, 20; ethoxyquin, 503; cellulose, 13970. Mineral premix
(mg kg7l diet): MgSO47H,O, 1200; CuSO45H,0, 10;
ZnS04+H,0, 50; FeSO4+H,0, 80; MnSO,*H,0, 45; CoCl (1%),
50; NaSeOs (1%), 20; Ca(10s), (1%), 60; calcium propionate,
1000; zoelite, 7485. Attractants: taurine:glycine:betaine=1:3:3.
Amino acid premix (gkg ' diet): Lys-H,SOs, 8; DL-Methionine,
5; L-Threonine, 5; L-Arginine, 5; L-Isoleucine, 4; L-Leucine, 5;
L-Valine, 6. L-proline and L-Hydroxyproline obtained from
Hengyuan Biotech. Co., Ltd (Shanghai, China).

All ingredients were first ground to fine powder
through a 180 um mesh. Pro and Hyp were blended as an
amino acid premixture. The ingredients were then thor-
oughly mixed with fish oil, and water was added to pro-
duce stiff dough. The dough was then pelletized using an
experimental feed mill (F-26(II), South China University
of Technology, China) and dried for about 12h in a venti-
lated oven at 45°C, and were stored at —20°C until use.
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No difference in physical quality and sinking property
was found between diets.

Table 2 Amino acid composition of the experimental diets

(% dry matter)
Amino acid Control Pro-0.75 Pro+Hyp
Aspartic acid 3.60 3.50 3.47
Threonine 2.05 1.97 1.95
Serine 2.04 2.03 2.02
Glutamic acid 8.66 8.57 8.50
Glycine 2.30 2.24 2.26
Alanine 3.30 2.59 1.97
Valine 2.53 2.52 2.51
Isoleucine 2.13 2.07 2.06
Leucine 3.64 3.45 3.45
Tyrosine 1.28 1.15 1.16
Phenylalanine 1.95 1.92 1.88
Histinine 1.05 1.07 1.09
Lysine 3.08 3.00 2.95
Arginine 2.90 2.83 2.82
Proline 3.22 3.88 3.82
Hydroxyproline 0.12 0.22 0.67

2.2 Fish, Experimental Procedure and Conditions

The fish were fed exactly as what we have done early
(Zhang et al., 2013). Juvenile turbot were obtained from
Jiaonan Guzhenying Turbot Farms (Shandong, China).
Fish were transported to experiment station (Experimen-
tal Base of Ocean University of China, Qingdao, China)
and stocked into indoor seawater recirculating systems
(Fiberglass circular tanks with flat bottom, 400-L capacity
filled to 300-L) to acclimatize for 2 weeks. During this

period, fish were fed a commercial diet (Qihao Biotech. Co.

Ltd., Shandong, China) twice a day to satiation. All rearing
tanks were continuously aerated under natural photoperiod.
At the beginning of experiment, fish were fasted for 24
h and weighed. Fish in similar sizes (8.12+£0.01g) were
randomly distributed into 12 tanks, 35 each tank and 4
tanks each diet. Fish were hand-fed to apparent satiation
twice (08:00 and 18:00) a day with the consumption each
tank recorded. Any uneaten feed was collected 1h after
feeding, dried to constant weight at 70°C and reweighed.
Leaching loss in uneaten diet was estimated by leaving
five samples each diet in tanks without fish for 1h, re-
covering, drying and reweighing. The feeding trial lasted
for 10 weeks, during which water temperature varied be-
tween 15.0 and 18.0°C; salinity between 30 and 33; and
pH between 7.5 to 8.0; and ammonia nitrogen was<0.1 mg
L '; nitrite<0.1mgL"; and dissolved oxygen>6.0mgL .

2.3 Sample Collection

Ahead of experiment, ten fish individuals from the
same population were randomly selected for determining
the initial whole body proximate composition. At the end
of experiment, fish were fasted for 24 h and anaesthetized
with eugenol (1:10000) (purity 99%, Shanghai Reagent,
China) before sampling. Total number and mean body
weight of fish each tank were measured. Four fish indi-
viduals each tank were randomly sampled and stored at

—20°C for whole body composition analysis. Blood sam-
ples were taken from the caudal vein using heparinized
syringes to obtain plasma samples after centrifugation
(4000xg, 4°C, 10 min) and immediately frozen in liquid
nitrogen, and then stored at —80°C until analysis. Six fish
individuals each tank were sampled for morphometric
parameters. Individual body weight, body length, liver
weight and visceral weight were recorded to calculate
condition factor, hepatosomatic index and viserosomatic
index. Liver and muscle samples were also frozen in lig-
uid nitrogen, and then stored at —80°C for subsequent
analysis of total Hyp and collagen contents and P4H o(I)
gene expression.

2.4 Chemical Analysis
2.4.1 Body composition

Moisture, crude protein, crude lipid, and ash were ana-
lyzed for ingredients, experimental diets and fish samples
(AOAC, 1995). Moisture was analyzed by drying the
samples to constant weight at 105°C. Crude protein was
determined using the Kjeldahl method and estimated by
multiplying nitrogen by 6.25. Crude lipid was quantified
by ether extraction using Soxhlet. Ash was examined by
combustion in a muffle furnace at 550°C for 16 h. Dupli-
cate analyses were conducted for each sample.

2.4.2 Amino acid content determination

Amino acids content were determined with the method
of Xie et al. (2012). Samples of experimental diets were
freeze-dried and 0.02 g of samples was used for amino
acid analysis. The samples were hydrolyzed with 15mL
of 6mol L' HCl at 110°C for 24h, then filtered and added
to ultrapure water (from Milli-Q system, Millipore, Bil-
lerica, MA, USA) in a S0 mL volumetric flask. Two milli-
liters of solution was transferred to a glass bottle and
dried in a Binder Oven (VD23, Binder Company, Ger-
many). Two milliliters of ultrapure water was added to the
bottles and dried in the Binder Oven three times, and two
milliliters of loading buffer was added to dissolve the
remains. The supernatant was analyzed with ninhydrin
method using an automatic amino acid analyzer (Bio-
chrom 30, GE, Biochrom Ltd, Cambridge, UK) equipped
with a sodium exchange column (pu-2345). The column
temperature was 37-135°C. Ultraviolet detection was
performed at a wavelength of 440 nm (for proline) and
570 nm (for other amino acids).

2.4.3 Hyp content determination

The Hyp content in plasma and tissues was determined
through the procedure reported by Reddy and Enwemeka
(1996) with some modifications. Aliquots of 1 mL stan-
dard Hyp (1-30 pgmL™"; prepared from stock solution of
Hyp (Sigma-Aldrich Corp., St. Louis, MO, USA): 1 mg
mL™" in 1 mmolL™" HCI) or 100 uL plasma samples were
mixed with 2mL buffered chloramines T reagent (1.4 g
chloramines T dissolved in 20 mL water, and then diluted
with 30 mL n-propanol and 50 mL acetate-citrate buffer
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(pH 6.5); made fresh daily) and incubated for 20 min at
room temperature. Then, 2 mL perchloric acid (27 mL
70% perchloric acid diluted into 100 mL volumetric flasks)
was added and the mixture was incubated for a further 5
min at room temperature before addition of 2 mL P-
DMAB solution (10% P-DMAB in n-propanol). The
mixture was incubated at 60°C for 20 min to develop
chromophore and was cooled down. Then the absorbance
was read at 560nm using a spectrophotometer. The Hyp
concentration was determined from a standard curve.
Approximately, 10-30mg tissue was hydrolyzed by 1

mL 6molL™" hydrochloric acid at 130°C for 3 h. Before
analysis, samples were diluted into 10 mL volumetric flasks
with ultra-pure water and mixed, filtered through 0.20 um
filter. One milliliter of the solution was used to determine
Hyp content with the same method as for plasma.

2.4.4 Vertebrae preparation

Vertebrae samples were prepared according to the
method described by Aksnes et al. (2008) with some
modifications. Four fish each tank were thawed overnight
at about 15°C. The fish was gutted and filleted with head
and tail remaining. The remaining meat was removed as
much as possible by scraping the back bone with a small
knife. The fish of the same tank were dipped in boiling
water for 60s at a time with the remaining meat on the
bones thoroughly removed using running cold water.
Head and tail were removed from the vertebral column
and side bones were cut at the vertebral base. Vertebrae
free from surface water were weighed. The vertebral
columns were lyophilized and the dried samples from
each tank were pooled and ground into a fine powder to
determine the Hyp content.

2.4.5 Calculation of collagen content

The collagen content in muscle and vertebrae were es-
timated by multiplying the Hyp content (% of sample) by
8 according to AOAC method 990.26 (AOAC, 2000),
considering that collagen in connective tissue contains
12.5% Hyp if the nitrogen-to-protein factor is 6.25.

2.4.6 RNA extraction and real-time quantitative
PCR analysis of P4H a(I) gene expression
Total RNA from liver and muscle of 3 fish individuals

each tank was extracted using Trizol Reagent (Invitrogen,
USA). The RNA was separated through a 1.2% denature-

ing agarose gel to check the integrity. The RNA was
treated with Recombinant DNase I (RNase-free) (Takara,
Japan) to remove possible DNA contaminant according to
the manufacturer’s instructions. The quantity and quality
of total RNA were assessed using Nano Drop® ND-1000
spectrophotometer (Nano-Drop Technologies, Wilming-
ton, DE, USA). The ratio of 260/280 absorbances of all
tissues ranged from 1.81 to 1.97, indicating a satisfactory
purity of RNA extracted. Purified RNA was subjected to
reverse transcription to ¢cDNA with PrimeScript™ RT
reagent Kit (Takara, Japan) following the instruction from
supporter. The primers for real-time PCR were designed
using Primer Premier 5.00 based on nucleotide sequences
of P4H a(I) gene of turbot (JX863890). Real-time PCR
was carried out in a quantitative thermal cycler (Master-
cycler ep realplex, Eppendorf, German) in a final volume
of 25 uL containing 12.5uL 2 x SYBR" Premix Ex Taq™
(Perfect Real Time) (Takara, Japan), 0.5 uL of primers
(each 10 umolL™"), 2L of ¢cDNA mix. P4H a(I) Gene-
specific primers P4H a(I) F (5’-GAC ACC ACT GAT
GGG TTT ATT TCC-3’), P4H o(I) R (5-TTC ACG
CCA GGT AGG TCT CC-3’) were applied to evaluate
the mRNA abundance of P4H o(I) gene in liver and mus-
cle. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene (DQ848904) (F: 5°-TCC AAT GTT TGT CAT
GGG AGT T-3’; R: 5’-CCA GAG GAG CCA GGC AGT
T-3”) was used as internal reference. The real-time PCR
began with 2min at 95°C, followed by 40 cycles of 105 at
95°C, 10s at 58°C, and 20s at 72°C. No template controls
were run for each PCR assay. A four-fold serial dilution
was used to assess PCR efficiencies for each assay, quan-
tifying five concentrations (in triplicate). The primer am-
plification efficiency was analyzed according to the fol-
lowing equation E=10""3P9—] " the value was 0.9904
for P4H a(I) and 0.9717 for GAPDH in liver and 0.9763
for P4H a(I) and 1.010 for GAPDH in muscle. The abso-
lute ACt value (P4H o(I) Ct—GAPDH Cy) of the slope is
0.0465 for liver and 0.0814 for muscle, which indicated
that the AACr calculation for the relative quantification of
P4H o(I) could be used. The expression contents of P4H
a(I) was calculated by 2"**“T method, and the value stood
for n-fold difference relative to the calibrator (Livak and
Schmittgen, 2001).

2.5 Calculations and Statistical Analysis
The following variables were calculated:
SR(%) =100x Final fish number/Initial fish number ,

TGC = (FBW”3 —IBW”3)/Z(Average temperature X Days) ,

FI(%/d) =100xDry feed intake (g)/((Final body weight+Initial body weight)/2)/Days ,

FER = Wet weight gain (g)/Dry feed intake (g),
PER = Wet weight gain (g)/Protein ingested (g) ,

K (%) =100x Final body weight/Body length3 ,
HSI(%) =100x Liver wet weight/Final body weight ,

VSI(%) =100x Viscera wet weight/Final body weight ,

a) Springer

where SR is survival rate, 7GC is thermal-unit growth
coefficient, F1 is feed intake, FER is feed efficiency rate,
PER is protein efficiency ratio, K is condition factor, HIS
is hepatosomatic index, and VSI is viscerosomatic index.
The Software SPSS 17.0 was used for all statistical evalua-
tions. All data were subjected to one-way analysis of
variance (ANOVA) followed by Duncan’s multiple range
test. Differences were regarded as significant when P <
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0.05. All data were expressed as means =+ standard error.

3 Results

3.1 Survival rate and Growth Performance

SR during this feeding trial ranged from 99.05% to
100% and was independent of dietary treatments (P>0.05,
Table 3). There was no significant difference in 7GC
((1.08-1.10)x1000), FI (1.29%-1.30% per day), FER
(1.36-1.38), or PER (2.65-2.74) of juvenile turbot fed
different diets (P>0.05, Table 3).

Table 3 Survival rate and growth performance of turbot fed
diets with different contents of Pro and/or Hyp

Pooled F P

Table 4 Proximate composition (% wet weight) in whole body
of turbot fed diets with different contents of Pro and/or Hyp

Parameter Pooled F P
(%) Control  Pro-0.75  Pro+Hyp S.E.M.2 value value

Moisture 76.98+0.29 77.06£0.11 76.96£0.13 0.116  0.046 0.956
Crude
protein
E;‘ilje 4.03£0.08 3.95£0.12 3.87+0.14 0.059 0.546 0.602

Crude ash 3.65+0.03" 3.76+0.05" 3.82+0.03" 0.030 7.489 0.018

15.16+0.24 15.11£0.03 15.20+0.03 0.089  0.062 0.941

Notes: Data are expressed as means + SE (n=4). Values in the same
column with the same superscript or absence of superscripts are not
significant different (P>0.05); S.E.M.: standard error of means.

3.3 Condition Factor, Hepatosomatic Index, and
Viscerosomatic Index

Control ~ Pro-0.75  ProtHyp 2

S.E.M.” value value L . .
IBW(g) 8.13£0.01 8.12+0.01 8.12+0.04 0.012 0.049 0.953 No significant difference in K (3.63%-3.79%), HSI
FBW(g) 35.1741.03 34.5040.6535.00£035 0432 0.188 0833  (0-93%-1.03%), and VSI (5.54%-5.61%) was found
SR(%) 100.00+0.0099.05:0.95 1000060000286 1225 0350  2mong diets (P>0.05, Table 5).
TGC Table 5 Condition factor (K), Hepatosomatic (HSI), and
(x1000) 1.10:0.05 1.08+0.02 1.09+0.01 0011 ~0.184 0.836 viscerosomatic (VSI) En(iex otr“)juvenile turi)ot fgd
FI(%/d) 1.2940.01  1.30£0.03 1.2940.01 0.009 0.074 0.929 diets with different contents of Pro and/or Hyp
FER 138001 136£0.02 138001 0.008 0.656 0.548
PER 274002 2.65:0.03 2.65:0.06 0.023 1.708 0.249 szzl;leter Control - Pro-0.75  ProtHyp }s)ogfadF value P value
Notes: Data are expressed as means + SE (n=4). Values in the same K 3.79+0.08 3.75+0.08 3.63+0.15 0.056 0.648 0.552
column with the same superscript or absence of superscripts are not HSI 1.03+0.07 0.93+0.02 0.97+0.04 0.030 0.872 0.459

significant different (P>0.05); S.E.M.: standard error of means;
IBW: initial body weight; FBW: final body weight; SR: survival
rate; TGC: thermal-unit growth coefficient; FI: feed intake; FER:
feed efficiency rate; PER: protein efficiency ratio.

3.2 Body Composition

There was no significant difference in moisture
(76.96%—77.06%), crude protein (15.11%—15.20%), or
crude lipid (3.87%4.03%) contents of whole body
among fish fed experimental diets (P > 0.05, Table 4).
However, fish fed diets Pro-0.75 and Pro+Hyp showed
significantly increased crude ash content of whole body
compared to that of control (P <0.05, Table 4).

VSI 5.61£0.04 5.584+0.06 5.54+0.11 0.036 0.296 0.752
Notes: Data are expressed as means + SE (n=4). Values in the
same column with the same superscript or absence of superscripts
are not significant different (P> 0.05). S.E.M.: standard error of
means. K, Condition factor; HIS, Hepatosomatic index; VSI, Vis-
cerosomatic index.

3.4 Hyp Content in Liver, Plasma, Muscle
and Vertebrae
Total Hyp content in liver (0.260-0.285gkg ') was not
significantly affected by diets (P>0.05, Table 6). Fish fed
diet Pro+Hyp showed significantly higher free Hyp con-
tent in plasma compared to fish fed the other diets (P <

Table 6 Liver total Hyp, plasma free Hyp, muscle and vertebrae total Hyp, muscle and vertebrae total collagen
concentrations of juvenile turbot fed diets with different contents of Pro and/or Hyp

Control Pro-0.75 Pro+Hyp Pooled SEM.  Fvalue P value
Liver total Hyp (gkg ' wet basis) 0.260+0.011 0.275+0.020 0.285+0.012 0.008 0.807 0.484
Plasma free Hyp (ug mL ™) 35.58+2.96* 35.23+2.25% 49.95+2.90° 2.643 8.313 0.014
Muscle total Hyp (gkg ' wet basis) 0.399£0.016"  0.771£0.011°  1.103+0.036° 0.098 263.868  0.000
Vertebrae total Hyp (gkg ™' wet basis) 5.601+0.130 5411+0.182 5.421+0.132 0.081 0.570 0.590
Muscle total collagen (% wet basis) 0.319£0.013*  0.617+0.009°  0.882+0.029° 0.079 263.868  0.000
Vertebrae total collagen (% wet basis) 4.481+0.104 4.329+0.145 4.337+0.105 0.065 0.57 0.59

Notes: Data are expressed as means + SE (n=4). Values in the same column with the same superscript or absence of superscripts are not

significant different (P>0.05); S.E.M.: standard error of means.

0.05). Total Hyp concentration in muscle was signifi-
cantly increased as dietary Pro and/or Hyp increased (P <
0.05), and fish fed diet Pro+Hyp showed the significantly
highest total Hyp concentration in muscle (P <0.05).
Total Hyp concentration in vertebrae (5.411-5.601 g
kg™") was much higher than that in muscle (0.399-1.103 g
kg™") and liver (0.260-0.285 gkg™ ") of fish, but no sig-
nificant difference was found among diets (P>0.05, Ta-

ble 6).

3.5 Muscle and Vertebrae Collagen Concentration
Total collagen concentration in muscle of fish showed
the same trend as total Hyp content in muscle, which was
significantly enhanced as dietary Pro and/or Hyp in-
creased (P<0.05, Table 6). Fish fed diet Pro+Hyp showed
the significantly highest total collagen concentration in

a) Springer
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muscle compared to other diets (P<0.05).

Total collagen concentration in vertebrae of fish fed
experiment diets ranged from 4.329% to 4.481%, which
were much higher than those in muscle (0.319%—0.882%,
Table 6), but no significant difference was observed
among diets (P>0.05).

3.6 Expression of P4H a(I) Gene in Liver and Muscle

Expression of P4H o(I) gene in liver and muscle was
significantly affected by dietary Pro and/or Hyp content
(P<0.05, Fig.1). Fish fed diet Pro-0.75 showed the high-
est hepatic P4H o(I) gene abundance (1.36+0.04), which
was significantly higher than that in control (P<0.05), but
no significant difference was found between fish fed diet
Pro-0.75 and Pro+Hyp (P> 0.05). P4H a(I) gene abun-
dance in muscle was significantly higher in fish fed diet
Pro-0.75 and Pro+Hyp compared to fish fed the control
diet (P<0.05), and fish fed diet Pro+Hyp showed signifi-
cantly lower P4H a(I) gene abundance in muscle com-
pared to fish fed diet Pro-0.75 (P<0.05).
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Dietary treatment

Fig.1 Relative mRNA expression of P4H a(I) in the liver
and muscle of turbot fed diets with different contents of
Pro and/or Hyp for 10 weeks. It was evaluated by real-time
quantitative PCR. Values are means + S.E.M. (n=4). Bars
of the same tissue with same letters are not significantly dif-
ferent by Tukey’s test (P> 0.05).

4 Discussion

Pro and Hyp are unique amino acids for maintaining
cell structure and function. They are now considered con-
ditionally essential for mammalian, avian and aquatic
species (Zhang et al., 2006; Baker, 2009; Li et al., 2009;
Wu et al., 2010). The requirement for Pro as a nutrient for
poultry (Graber et al., 1970; Baker, 2009), young mam-
mals (Ball et al., 1986), and wounded mammals (Barbul,
2008) were determined already. For example, dietary
supplementation of Pro dose-dependently improved daily
weight gains of young chicken (Graber et al., 1970) and
young pig (Kirchgessner et al., 1995). Also supplement-
ing 1% Pro to a corn- and soybean meal-based diet en-
hanced the growth performance of weanling pig (Wu et al.,
1996). Additionally, supplementing 0.07%, 0.14%, and
0.28% crystalline Hyp in high plant protein diets en-
hanced weight gain of Atlantic salmon, but no significant
effect was observed for dietary Pro addition (Aksnes ef al.,
2008). However, in the present study, dietary Pro and Hyp
supplementation had no significant effect on growth per-

a) Springer

formance and feed utilization of juvenile turbot, which
was inconsistent with the documented but was in agree-
ment with the findings of Albrektsen et al. (2010) and
Kousoulaki et al. (2010) who found that growth perform-
ance of Atlantic salmon was not significantly affected by
dietary supplementation of free/bone Hyp and crystalline
Hyp. Also in a recent study on turbot, Zhang et al. (2013)
have found that dietary inclusion of L-Hyp had no positive
effect on growth performance. The different responses
were probably due to species difference, dietary amino
acid composition, and/or experimental duration.

In the present study, there was no significant difference
in moisture, crude protein, and crude lipid contents of
whole body among fish fed the experimental diets, but
fish fed diets Pro-0.75 and Pro+Hyp showed significantly
higher crude ash content compared to control. Due to lack
of comparable studies on the effect of dietary Pro and/or
Hyp on body composition of fish, it is difficult to com-
pare the results with those of other studies, except for
general nutritional knowledge. As the major amino acids
in collagen, Pro and Hyp are vital for collagen biosynthe-
sis, structure and strength (Barbul, 2008). They may af-
fect tissues rich in Pro and Hyp, such as bone and skin,
which contain about 50% and 25% of total collagen, re-
spectively (Bollet, 1994). During bone growth, the or-
ganic matrix which is mainly comprised of collagen fi-
brosis first forms as osteoid, and subsequently mineral-
ized (Meunier, 2002). Therefore, the effect of dietary Pro
and Hyp on crude ash contents of whole body may be due
to the influence on bone mineralization. However, further
studies are needed to investigate the exact mechanism
involved in this process.

In the present study, fish fed diets with increased Pro
and/or Hyp showed significantly higher total Hyp con-
centration in muscle, and free Hyp content in plasma was
significantly increased in fish fed diet Pro+Hyp compared
to control. Some work have confirmed that Hyp content
in tissues and plasma was significantly enhanced as die-
tary Hyp increased (Kousoulaki et al., 2009; Albrektsen
et al., 2010; Zhang et al., 2013). Because Hyp locates
almost exclusively in collagen thus being essential for
stabilizing the triple helical structure of collagen
(Brinckmann et al., 2005), its content in tissues and
plasma is thought to be a reliable indicator of collagen
metabolism (Kindt ez al., 2003).

In the present study, total collagen concentration in
muscle was significantly enhanced as dietary Pro and/or
Hyp increased and fish fed diet Pro+Hyp showed the sig-
nificantly highest total collagen concentration in muscle.
The results suggested that dietary Pro and Hyp have syn-
ergistic effects on collagen biosynthesis in muscle. Col-
lagen, the most abundant protein of the extracellular ma-
trix, plays many important structural and functional roles
in tissues and influences the texture property, and func-
tional and tensile strength of flesh (Aidos ef al., 1990;
Gordon and Hahn, 2010). Therefore, the increased dietary
Pro and/or Hyp content may consequently improve the
property of muscle.

Collagens form more than 90% of the organic mass of
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bone and provide most of the biomechanical properties
essential for the function of bone (Gelse et al., 2003), thus
slight difference may cause significant biological effect.
Although total collagen concentration in vertebrac was
much higher than that in muscle, the vertebrae total col-
lagen concentration was independent of dietary Pro and
Hyp contents, which was inconsistent with the findings of
Aksnes et al. (2008), who found that fish fed diets with
increasing dietary Hyp content showed slight but signifi-
cantly higher Hyp content in vertebrac. As Hyp locates
mainly in collagen, the increased Hyp content indicated
an increased concentration of collagen. The different re-
sponses were postulated to be due to different mechanism
of collagen metabolism in vertebrae among species,
and/or the different experimental duration and culture
condition. The results in the present study also suggested
that diet containing 3.22% Pro and 0.12% Hyp may be
enough to maintain normal vertebrae collagen formation
of juvenile turbot.

Collagen biosynthesis involves a large number of co-
translational and post-translational modifications in the
polypeptide chains that affect the quality and stability of
collagen molecule. P4H is one of the key enzymes re-
quired for the synthesis of collagens (Kivirikko et al.,
1990) and P4H activity is controlled mainly by regulating
the expression of P4H o subunit gene. In the present study,
the expression of P4H a(I) gene in liver and muscle was
significantly up regulated in fish fed diet Pro-0.75 in
comparison with control, however the gene expression
was significantly down regulated in fish fed diet Pro+Hyp
in muscle in comparison with fish fed diet Pro-0.75 (P<
0.05). Therefore, it could be concluded that to some ex-
tent the increased dietary Pro content enhanced the activ-
ity of P4H (I) in liver and muscle. This may have conse-
quently resulted in higher collagen synthesis ability of
fish fed diets with increased Pro content, and the reason
was postulated to be due to the increased Pro availability
for collagen biosynthesis. However, the increased dietary
Hyp content may decrease the activity of P4H (I) in mus-
cle which is in agreement with the recent study on turbot
(Zhang et al., 2013). The improved collagen concentra-
tion in muscle of turbot fed diet with increased Hyp could
be due to the suppression of collagen degradation. It
should be noted that the composition and amount of col-
lagen depend not only on the great number of posttransla-
tional modification steps but also on the fractional degra-
dation of collagen (Laurent, 1987). The results of the
present study suggested that the improved collagen con-
centrations in muscle of fish fed diet with the combina-
tion of Pro and Hyp could be due to the increased synthe-
sis and decreased degradation of collagen by dietary Pro
and Hyp, respectively.

It can be concluded from the present study that dietary
supplementation of L-Pro and L-Hyp to high plant protein
diets did not show positive effect on growth performance
of juvenile turbot, but significantly improved total colla-
gen concentration in muscle which may be due to the
increased synthesis and decreased degradation of collagen,
respectively.
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